reported results have been correlated with flow visualization results obtained during a previous investigation on the HARV and with test results obtained from a 6-percent-scale F-18 wind-tunnel model. A general trend in the data from the forebody was for the maximum suction pressure peaks to first appear at angle of attack (a) _., 19°and increase in magnitude as angle of attack was increased. The general trend of the leadingedge extension (LEX) pressure distribution was the inward progression of the maximum suction peaks, the increase in magnitude of the maximum suction pressure peaks up to vortex core breakdown, and then the decrease and general flattening of the pressure distribution beyond the LEX primary vortex core breakdown. No significant effect of Mach number was noted for the forebody results for the Mach number range reported. However, at all three LEX orifice stations a substantial compressibility effect resulted in a significant reduction in vortex-induced suction pressure as Mach number increased. The forebody primary and the LEX sec-
Introduction
In recent years, more emphasis has been placed on expanding the envelope of fighter aircraft to include controlled flight at high angle of attack. Fighters such as the F-18 and F-16 aircraft utilize leading-edge extensions (LEXs) or wing body strakes which provide additional lift because of the vortical flow these devices develop at moderate-to-high angles of attack.l However, the prediction and control of this vortical flow and the mutual interactions of the vortices are not well understood.
The combined effect of the LEX or 2 wing body strake vortices, as well as the forebody vortices on the vehicle aerodynamics, must be considered to avoid any adverse stability and control and other problems such as buffet.
Understanding the vortical flow interactions on scale models in wind tunnels can be difficult. Experimental tests in wind tunnels with different scale models have provided conflicting results, even with tests conducted at the same Reynolds number. 2 In such subscale model tests, the interaction of the forebody and LEX vortices on 6-and 7-percent scale F-18 models typically resulted in apparent lateral stability for all angles of attack, including stall and poststall regions. However, airplane flight data and wind-tunnel test results for the large-scale (16 percent) model, at low Reynolds numbers, indicated a region of lateral instability near maximum iift. This apparent scale effect still has not been resolved. Understanding such scale effects is essential for the successful design of future fighters intended to operate at high angles of attack.
Currently NASA is conducting a High Alpha Technology Program (HATP) to increase the understanding, improve prediction techniques, provide design guidelines, and investigate new concepts for vortex control on advanced, highly maneuverable aircraft at high angles of attack. This program utilizes the F-18 configuration as a validation and demonstration approach. It consists of wind-tunnel tests of subscale 3-4 and full-scale models and components; calibration for computational fluid dynamics (CFD) codes, 5-9 piloted simulations, and full-scale flight testing. ]°-16 (Also: Fisher, D.E, Curry, R.E., Del Frate, J.H., and Richwine, D.M., paper to be published in the serial Flow Visualization V, and Fisher, David F., Del Frate, John H., and Richwine, David M., NASA Technical Memorandum, to be published.)
As part of this program, extensive pressure distribution and fl0wvisualizafion
shidies lmve been con- 
Vehicle Description
The NASA HARV (Fig. 1) is a single-place preproduction F-18 aircraft built by the McDonnell Douglas (St. Louis, Missouri) and Northrop (Newbury Park,
California)
corporations.
It is powered by two GE (General Electric, Lynn, Massachusetts) F404-GE-400 afierbuming turbofan engines. The aircraft features a midwing with leading-and trailing-edge flaps which operate on a schedule that is a function of angle of attack and Mach number. For free-stream Mach number (Moo) < 0.76 and angle of attack (o0 > 26°, the leading-edge flap is down 34°(maximum), and the trailing-edge flap is at tY'. Leading-edge extensions are mounted on each side of the fuselage from the wing roots to just forward of the windscreen.
The aircraft has twin vertical stabilizers canted out 20°from the vertical and differential all-moving horizontal tails.
The NASA F-18 HARV, with the current flight control computers and control laws (8.3.3 programmed read only memory (PROM) se0, is flown by NASA pilots in the fighter escort configuration without stores. The aircraft carries no missiles and the wingtip Sidewinder missile launch racks have been replaced with special camera pods and wingtip airdata booms. The flight test noseboom has been removed from the aircraft and a NASA flush airdata system 16 has been installed.
The aircraft has an unrestricted angle-ofattack flight envelope in this configuration, with the center of gravity between 17 percent and 25 percent m.a.c., as defined by the Naval Air Training and Operating Procedures Standardization (NATOPS) manual.
Experiment Description
Pressure measurements were made on both the forebody and the LEXs of the F-18 HARV at selected fuselage locations. These fuselage locations correspond with orifice locations on both the 6-and 16-percent scale models.
Five rings of static pressure orifices were installed on the fuselage forward of the canopy as shown in Fig. 2 . At the first 2 rows, fuselage station (F.S.) 70 (ratio of length from apex to fuselage length (x,/g) = 0.015) and ES. 85 (x/g. = 0.038), 30 static pressure orifices were equally spaced about the nosecone. Two extra orifices were located at the forebody cross-section circumferential angle (0) = 90°a nd 270°(0°is bottom centerline, positive is clockwise as seen from a front view, 0°to 360° A cross section of the orifice stations and the orientation of the orifices is given in Fig. 3 . The view is looking aft on the aircraft with the bottom fuselage centerline at 0°and the top centerline fuselage at 180°. The first three fuselage stations were circular in cross section and were canted forward 5.6°to coincide with the depression of the nosecone centerline. At ES. 142 and ES. 184, the fuselage cross section became somewhat elliptical with the major axis in the vertical plane.
The ratio of the major to minor axis was 1.10 and 1.35 for F.S. 142 and E S. 184, respectively. At the LEX stations, y/8 = 0.0 is defined as the LEX fuselage junction while _/8 = 1.0 is the leading edge of the LEX, + 1.0 for the left-LEX leading edge and -1.0 for the right-LEX leading edge.
Several protrusions and discontinuities on the fuselage should be noted.
The nosecone was generally smooth and free of discontinuities, with the noseconefuselage junction at F.S. 128.5. Two small ellipticalshaped electronic counter measures (ECM) antenna covers, Fig. 4 (a), were located on the sides of the fuselage centered at F.S. 134, 0 = 85°and 275°and were approximately 9.5 in. long, 4 in. wide and protruded approximately 1.7 in. Located on the upper surface, between F.S. 128.5 and ES. 188 and between 0 ,,_ 138°and 165°, were doors covering the in-flight refueling probe. While these doors were nominally flush, there were gaps and small protrusions present. Two small production angle-of-attack vanes were installed at ES. 165, one at 0 ,.o 700 and the other at 0 ,-, 290°.
Two aircraft production pitot-static probes, Fig. 4 (a), were located on the lower fuselage at ES. 164 to ES. 177 and 0 = 35°and 325°. On this preproduction aircraft, the gun port exits normally located on the upper centerline near E S. 122, were replaced by a fairing without ports. Of the protrusions noted, the ECM antenna covers and the production pitot-static probes had the greatest effect on the pressure distributions, as will be shown later. The LEX, Fig. 4(b) , was virtually free of significant protrusions forward of the orifice rows.
Instrumentation
Each orifice on the forebody was connected to temperature-controlled electronic scanning pressure modules with 6 ft of 0.062-in. id pneumatic tubing.
On the LEXs, the tubing for each orifice was matched in length at each orifice row but varied from 2 1/2 to 3 1/2 ft at the three stations. It was previously determined that 8 ft of 0.062-in. flexible tubing would have a pneumatic lag of approximately 10 msec at an altitude of 20,000 fi.t6 Reference pressure for the modules was supplied through l/4-in, tubing to a reference pressure tank with an internal volume of 50 in 3 located in the forebody, vented to the radome compartment, and monitored by a high-resolution absolute pressure transducer. The pressure transducer within each module was scanned sequentially 25 times/sec by a 10-bit pulse code modulation (PCM) data system. In-flight zero differential pressure readings were taken before each test point and were used during postflight data reduction to correct the data for calibration offsets. On the forebody, 4-216 lb/ft 2 differential range transducers were used while 4-720 lb/ft 2 differential range transducers were used on the LEXs. Accuracy for the forebody pressure measurements is estimated to be 1 lb/ft 2 and 3.5 lb/ft 2 for the LEX measurements. Airspeed, altitude, angle of attack, and angle of sideslip greater than 4-20°. Free-stream Mach number, altitude, and dynamic pressure were determined using calibrated data from the swiveling probe on the left wingboom. Aircraft angle of attack was measured by using a vane on the right wingboom and corrected for upwash and boom bending.
Angle of sideslip was determined as the average of the left-and right-wingboom sideslip vane measurement corrected for angle of attack. From unpublished data, it is estimated that angie of attack and angle of sideslip were accurate to 4-0.5°for angles of attack up to 400, and 4-1°for angles of attack up to 50°. It is also estimated that Moo is accurate to +0.005 at ot = 50°, and 4-0.003 for angles of attack below 30°.
The data from the above measurements, as well as the standard aircraft control positions, inertial system, and accelerometer parameters were transmitted to a ground station. These critical parameters were monitored by engineers and technicians in real time on strip charts, cathode ray tube (CRT) displays, and pressure distribution plots.
Flight Test Conditions
Data were obtained in both quasi-stabilized l-9 flight maneuvers, as well as windup turns and spiral dives. Data were obtained at nominal altitudes of 20,000 and 45,000 ft. At the higher angles of attack, constant altitude could not be maintained during the l-g maneuvers and data were obtained in a descent.
During the windup turns and spiral dives the maneuvers were much more transient.
In the first case the Mach number decreased rapidly. In the second case the altitude decreased rapidly. As mentioned previously in the Instrumentation section, the frequency response of the pressure system was less than 10 msec and little lag was introduced.
Time segments of 0.4-sec duration were used for data analysis purposes, with approximately 10 time-points averaged.
Results and Discussion
sideslip were measured using airspeed booms mounted Forebody Results on specially designed wingtip photo pods as shown : : in 
Effectof Angleof Attack
The effects of angle of attack on the forebody pressure coefficients are presented in Fig. 6 for angles of attack from 10°to 50°. These data are at low speed re the result of local separation caused by the aircraft production pitot-static probes mentioned previously in the Experiment Description section. Again, at this location, the pressure distributions are nearly symmetrical with only small differences in the primary vortex footprint resulting from discontinuities caused by the refueling probe doors.
The general trend in the data from the forebody is for the maximum suction pressure peaks to first appear at a ,-_ 20°and increase in magnitude as angle of attack is increased. In addition, the footprints of the primary vortex first appear at a ,,_ 25°at F.S. 142 and F.S. 184 and progress forward toward the nose apex as the angle of attack is increased.
In Fig. 7 , forebody pressure distributions are presented for angles of attack from 9.9°to 38.5°and at Figure 8 shows the data for all five orifice stations on the fuselage for Mach 0.26 to 0.60 for cv ,-, 31°.
Effect of Mach Number
Only a very smaU effect of Mach number is noted at the fuselage locations for the Mach number range reported. At the first four stations, the Moo = 0.60 data are slightly more negative than the data at Moo --0.26. 
Correlation of Forebody Pressure Distributions with Flow Visualization Data
Surface flow visualization using the emitted fluid technique was previously obtained on the F-18 HARV. 12-14 Selected results are presented in Fig. 9 for angles of attack of 30°and 47°. In Fig. 10 At F.S. 70, (Fig. 10(a) ) for a ,,_ 30°and at ES. 70, ES. 85, and F.S. 107 (Fig. 10(b) The discontinuities of the nosecone±fuseiage junction precluded any laminar flow on the forebody beyond ES. 128.5. The peaks in the pressure distributions for ES. 142 at 0 --, 95°and 265°( Fig. 10(a) ) are caused by the ECM antenna covers as noted earlier.
The primary separation lines (Sl) as identified by the surface flow visualization in Fig. 9 , occurred at the end of pressure recovery on the leeward side of the forebody. This can be seen in Fig. 10(a) at ES. 142
and ES. 184 and in Fig. 10(b) at ES. 85 to ES. 184. This also agrees weU with the data of Refs. 19 and 20 for a cone and an ogive. The secondary vortex separation line (5'2) occurs slightly outboard of the footprints of the primary vortex pairs. This occurs at F.S. 142 and ES. 184 as shown in Fig. 10(a) and at ES. 107 to ES. 184 as shown in Fig. 10(b) .
Comparison with Wind-Tunne/Test Results. At ES. 184, there appears to be an asymmetry in the wind-tunnel pressure distribution that does not appear in the flight data.
Leading-Edge Extension Results
Examples of the off-surface flow visualization obtained on the F-18 HARV from Ref. 15 are shown in Fig. 12 . As can be seen, the flow over the F-18 LEX at high angles of attack is dominated by strong vortical flow. The vortical flow begins at approximately 10.
angle of attack and as the angle of attack increases, the vortex core breakdown point moves forward toward the LEX apex, as shown in the figure.
Effect of Angle of Attack
The effect of angle of attack on the LEX surface static pressure coefficients is presented in Fig. 13 for angles of attack from 10°to 50°at the low speed, 1-9 flight conditions. Pressure coefficients are plotted from the LEX as a function of LEX span (I//a) as defined previously in Fig. 3 . As the aircraft angle of attack increases from 10.0°to 25.8°, Fig. 13 (a) and (b), the LEX maximum suction pressure peaks increase in magnitude and move inboard. Note the change in scale for pressure coefficient for the data from the forebody data. The maximum suction pressures are much greater on the LEX than shown on the forebody. At ES. 357, a ,-, 30°and above, (Fig. 13(19) and (c)) the effect of the LEX vortex core breakdown on the pressure distribution can be seen. At ot = 30°, vortex core breakdown occurs very near ES. 357 and moves forward as angle of attack is increased.
This causes a marked decrease in the maximum suction pressure peaks and a flattening of the pressure distributions at a _> 30*. Similar trends are noted at ES. 296 and ES. 253 for c_ = 39.3°and 45.4°, respectively. At the highest angles of attack, Fig. 13(c) , the flow becomes less symmetrical, particularly at ES. 253.
The pressure distributions from the leading-edge extensions at Moo = 0.60 are presented in Fig. 14 . The trends described for the data atMoo -,_ 0.30 (Fig. 13) hold for the data at the higher Mach numbers. That is, the inward progression of the maximum suction peaks, the increase in magnitude oftbe maximum suction pressure peaks up to vortex core breakdown, and then the decrease and general flattening of the pressure distribution beyond the LEX primary vortex core breakdown. Also shown in Figsl 13 and 14 is the value for C_ as marked by the asterisk on the abscissa. Supersonic flow is noted on the LEX for angles of attack of approximately 19°and greater.
Effect of Mach Number
In Fig. 15 the effects of Mach number on the pressure distributions on the LEXs are summarized for a ,,_ 31°. At all three LEX orifice stations, a significant effect of compressibility is shown by a reduction in vortex-induced suction pressure as Mach number is increased. Even the data at ES. 357, where the suction pressures are influenced by the vortex core breakdown, were affected.
Correlation of Leading-Edge Extension Pressure Distributions with Flow Visualization
Selected surface flow visualization results obtained previously on the F-18 HARV and reported in Refs. 12 and 13 are presented in Fig. 16 for ot -,_ 30°and 47°. shown on both sides for comparison with the pressure distributions since they were obtained at approxsure peaks. At F.S. 253, the pressure distribution was slightly asymmetrical and the end of pressure recovery did not correspond as well with the separation lines.
This was partly because of the unsteadiness of the flow and the difficulty in locating the separation lines at this condition.
Correlation of Leading-Edge Extension Pressure Distributions with Wind-Tunnel Test Results
In Fig. 18 the LEX pressure distribution test re- Fig. 8 Effect of Math number on forclx)dy surface stalic pressure coefficients on the F-18 HARV, o_ _ 31°.
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(a) c_,-_ 30°. ,-/..,\ Effect of angle of attack on LEX surface static pressure coefficients on the F-18 HARV at low speed. 
F.S. 357
(b) _ _ 47°. • L . . Fig. 18 Comparison of flight-and wind-tunncl-mcasurcd LEX surface static prcssure cocfficients on thc F-18.
